Cardiac muscle restitution, or true regeneration, is an unmet need in the treatment of myocardial infarction (MI), prompting a decade of study with stem cells of many kinds. Among key obstacles to effective cardiac cell grafting are the cost of autologous stem cell-derived cardiomyocytes, the ethical implications of using embryonic stem cell (ESC) products, immunological barriers to allogeneic cells, functional maturation beyond just the correct lineage decision, and the lack of durable engraftment. In this issue of the JCI, Didié and colleagues show that cardiomyocytes made from parthenogenetic stem cells (PSCs) and deployed as engineered heart muscle (EHM) may overcome all of these formidable barriers.
Survival after MI has increased dramatically over the last 30 years, chiefly due to improvements in restoring blood flow to the ischemic heart and in preventing longterm dilation and wall thinning. However, these remedies do not address the underlying cause of biomechanical dysfunction after damage, namely the death of up to 1 billion cardiomyocytes (1). Under normal circumstances, myocyte replacement is measurable but scant (2). Therefore, strategies are being developed to replace the lost cardiomyocytes using various types of stem or progenitor cells. Clinical investigations of bone marrow populations including mesenchymal stem cells have shown encouraging, though limited, benefits and are currently in phase III trials; however, these are now envisioned as working chiefly through angiogenesis and paracrine effects, not myocyte replacement (3). Heart-derived progenitor cells with clearer potential for cardiac muscle creation have recently completed phase I safety trials (4). Pluripotent cells with the capacity to generate all the cell types of the body are an alternative strategy for heart repair that have long been studied in the laboratory, but have been slow to find their way into the clinic. Injection of pluripotent cells themselves is problematic due to their ability to form teratomas (5), so therapeutic use of these would require the rigorous purification of stem cell-derived cardiomyocytes or perhaps their committed precursors. Translation of such work to the clinic has also been hindered by many other issues regarding the use of human ESCs, including ethical disputes and the fundamental challenge of immunological rejection. For this reason, immunologically privileged approaches to generate heart muscle from pluripotent stem cells must be considered. Induced pluripotent stem cells (iPSCs) are readily created from skin fibroblasts or blood, and do not raise the ethical objections associated with ESCs. Like ESCs they can differentiate into cardiomyocytes, but can, in principle, be generated as a patient-specific therapy (6). However, the epigenetic memory of these cells could bias them toward certain fates (7), their immunological status has been questioned (6), and the logistics of "bespoke" therapy are far more complex than the hypothetical universal donor.
Single-parent stem cells
As a new option for cell therapy, Didié et al. show in the current study that PSCs could be an alternative to ESCs in cardiac regeneration (8), as they do not have the same ethical implications. Parthenogenesis (Greek for "virgin birth") is a natural form of asexual reproduction observed in plants, invertebrates, fish, amphibians, and reptiles. During the formation of a normal mammalian embryo, oocytes are arrested in metaphase II until fertilization, when analysis of the transcriptome demonstrated that PSCs segregate with ESCs and iPSCs. Three-germ-layer multilineage potential was confirmed, as the cells differentiated into ectoderm, mesoderm, and endoderm, confirming the findings in other studies of mouse, human, and primate PSCs (9, 10) . Concordant with the presence of genomic aberrations and copy number variation in ESCs, iPSCs, and even adult cardiac progenitors, similar changes were found in PSCs, likely due in part to selective pressures in culture (11, 12) . Growing cells in physiological O 2 con-cells from a parthenote then closely follows that used for normal diploid embryos, including removal of the ICM, plating on a feeder layer of cells, isolating outgrowths, and growing embryoid bodies in hanging droplets (Figure 1 and ref. 8) .
Didié et al. show convincingly that the resulting PSCs have a very similar phenotype to ESCs. They expressed the "stemness" factors Oct3/4, SSEA1, and Nanog, demonstrated alkaline phosphatase activity, and had growth kinetics indistinguishable from the well-characterized R1-ESC line. Principal component intracellular calcium oscillations enable the arrested oocyte to progress through meiosis. The surplus set of maternal chromosomes is then extruded as a polar body, the zygote forms a blastocyst, and ESC lines may be generated from the inner cell mass (ICM) (9) . In contrast, to produce PSCs, intracellular calcium oscillations are provoked artificially with chemicals or electrical impulses mimicking fertilization (8, 9) . A diploid genome is maintained by treating the cells with cytochalasin B to prevent the extrusion of the second polar body (8, 9) . The process of making stem (Above) PSCs and ESCs are produced from oocytes arrested in meiosis II and stimulated to form a zygote, either by fertilization by sperm (ESC) or artificially with strontium chloride (PSC). In the production of ECSs, a polar body containing one set of the maternal genome is subsequently extruded as a polar body, whereas in PSC production this is prevented by cytochalasin B. Both processes result in 2 copies of the genome, although in the case of PSCs both are from the mother. PSCs, being uniparental in origin, are advantageous for immunological matching. From this stage onward, the production of stem cells from the parthenote follows that from embryos. The ICM of the blastocyst is removed and plated on mouse embryonic fibroblasts (MEFs), outgrowths are isolated, and embryoid bodies are grown in hanging drops. Undifferentiated or differentiated cells are then used for analysis in vitro and in vivo. (Below) Stem cells having made the lineage decision to become cardiomyocytes are induced to undergo functional maturation by a tissue-engineering approach including static mechanical stretch and inclusion of nonmyocytes. The use of EHM also promotes persistent engraftment after MI. dence that mouse PSCs can differentiate into mature, functional cardiomyocytes which in turn can integrate with recipient myocardium and be tolerated as MHCmatched allogenic cells in the absence of immunosuppression. While this is not the first report using PSCs for cardiac myogenesis and repair (5), Didié et al. address issues critical for the eventual translation of this technology to clinical medicine: decreased immunogenicity and augmentation of cardiomyocyte maturation. One unanswered question is how best to promote vascularization of three-dimensional grafts: perhaps seeding EHMs with a second cell type, or using even smarter biomaterials? Immunocompatibility makes PSC-derived cells a preferred candidate for stem cell banking, however, the alternatives should be kept in mind. Engineering ESCs to suppress HLA expression (13) could obviate the most unique present advantage held by PSCs, and adult heart-derived cells might be sufficiently MSC-like to be used as allogeneic products (20) . Nevertheless, this multifaceted study by Didié and colleagues clearly and convincingly demonstrates that PSCs are a potent alternative to the other cells proposed to regenerate the heart. (8, 10) . The PSC-derived cardiomyocytes had the electrophysiological properties of mature cardiomyocytes and were able to engraft into the uninjured myocardium, coupling electrically to the recipient heart, with Ca 2+ -transient kinetics comparable to those of the host tissue. There have been conflicting reports regarding the arrhythmogenic potential of engrafted cardiomyocytes (15, 16) , but an encouraging recent study demonstrated that human ESC-derived cardiomyocytes can electrically integrate with the host myocardium and contract synchronously in guinea pigs (17) . Because pluripotent cell-derived cardiomyocytes exhibit a mix of ventricular-, atrial-, Purkinje-, and pacemaker-like properties, it is conceivable that purification by sublineage may be advantageous in the future to minimize spontaneous electrical activity in grafted cells.
Biomaterials have been developed to augment the retention and survival of cells in the myocardium, which is low regardless of the method of delivery. Injectable biomaterials such as alginate, fibrin, and polyethylene glycol can be functionalized with growth factors to enhance not only cell retention, but also cell survival, proliferation, and differentiation (18) . Cellular and acellular cardiac patches have improved cardiac function and reduced remodeling in experimental models and the MAGNUM trial (18) . To aid delivery in the current study, Didié et al. used EHM composed of several layers of PSC-derived cardiomyocytes. As part of the production process, these constructs were subjected to mechanical stretch to aid the maturation of the cardiomyocytes, resulting in EHMs that spontaneously contract and contain cardiomyocytes with sarcomeric cross-striations (19) . Previous work from the group used a neonatal rat cardiomyocyte-populated construct implanted onto an infarcted rat heart to improve fractional shortening and prevent left ventricular dilation (19) . Analogously, EHMs incorporating PSC-derived cardiomyocytes increased the anterior wall thickness after MI and enhanced wall contractility (8). In addition, Didié et al. demonstrated the presence of capillaries in the grafts, although the origin of this endothelial growth is yet to be determined.
Are PSCs a panacea for cardiac repair?
In summary, Didié and colleagues have shown highly laudable and compelling evi-centrations (1%-7%) rather than normoxia (20% O 2 ) may reduce hyperoxic stress and improve the genetic stability of stem cells (12) , and should be explored with PSCs in future studies. The relevant level and duration of safety surveillance on this matter remains an unsettled question for longterm processed cells of all kinds.
The immunological match game and cell banking
An individual's cells express combinations of MHCs, in humans called human leukocyte antigens (HLAs), enabling immune cells to distinguish between self and nonself (13) . Mismatch of the transplanted cells' or tissues' MHC genes with those of the recipient results in transplant rejection, which can be prevented by treatment with immunosuppressive drugs; however, such drugs can have devastating side effects (13) . From an immunological perspective, cell therapy should ideally use autologous cells, but individualized cell line creation is time consuming, costly, and subject to variation in key properties. Allogenic but HLA-matched cells are an alternative, but maintenance of the required cell banks is inherently expensive, given the number of human MHC alleles (almost 1,500) and the inheritance of more than 12 separate alleles from each parent (14) . Conceptually, cells that are homozygous for the key HLA loci could be implanted into homoand heterozygotic recipients, reducing the number of lines required to match most of the clinical population; however, such homozygosity is rare (14) . PSCs contain a duplicated haploid genome inherited from just 1 parent and therefore are predominantly homozygous, increasing the chances of being immunocompatible (8). Although rejection can result from the absence of selfalleles, not just the presence of nonself ones (9) , in the current study PSC grafts were well tolerated as long as no mismatched allele was present. In silico predictions by the authors suggest that less than 100 haploidentical cell lines are required to match greater than 90% of the human population, suggesting that a PSC bank is a tractable way of storing cells suitable for the majority of future recipients (8).
Engineering cell maturity
Didié et al. show that mouse PSCs can differentiate into structurally mature cardiomyocytes with well-developed sarcomeres in accordance with other studies that have demonstrated that the same is
